Many animal life histories entail changing feeding ecology, but the molecular bases for these transitions are poorly understood. The amphibian tadpole is typically a growth and dispersal life-history stage. Tadpoles are primarily herbivorous, and they capitalize on growth opportunities to reach a minimum body size to initiate metamorphosis. During metamorphic climax, feeding declines, at which time the gastrointestinal (GI) tract remodels to accommodate the carnivorous diet of the adult frog. Here we show that anorexigenic hypothalamic feeding controls are absent in the tadpole, but develop during metamorphosis concurrent with the production of the satiety signal leptin. Before metamorphosis there is a large increase in leptin mRNA in fat tissue. Leptin receptor mRNA increased during metamorphosis in the preoptic area/hypothalamus, the key brain region involved with the control of food intake and metabolism. This corresponded with an increase in functional leptin receptor, as evidenced by induction of socs3 mRNA and phosphorylated STAT3 immunoreactivity, and suppression of feeding behaviour after injection of recombinant frog leptin. Furthermore, we found that immunoneutralization of leptin in tadpoles at metamorphic climax caused them to resume feeding. The absence of negative regulation of food intake in the tadpole allows the animal to maximize growth prior to metamorphosis. Maturation of leptin-responsive neural circuits suppresses feeding during metamorphosis to facilitate remodelling of the GI tract.
Introduction
Amphibian tadpoles capitalize on growth opportunities to reach a minimum body size and body condition to initiate metamorphosis, and to maximize body size at metamorphosis [1 -3] . Tadpoles of most species are filter feeders or scraping suspension feeders, feeding primarily on plankton, plant matter and detritus [4] . Tadpoles are generally voracious feeders, and prior to metamorphosis, homeostatic feedback control of food intake is largely absent, but develops during prometamorphosis [5] . During metamorphic climax, feeding declines, either as a consequence, or to allow for remodelling of the gastrointestinal (GI) tract to accommodate the carnivorous diet of the adult frog [6] .
The primary adipose tissue in tadpoles is the fat body, having the highest lipid content of any tissue [7] , and located anterior to the gonads [8] . The fat bodies begin to develop after hatching and the onset of feeding [9] . Lipids accumulate as tadpoles approach metamorphosis [10] and increase in size during metamorphosis up to a maximum just before metamorphic climax [11, 12] . The amount of fat is a reflection of body size and body condition [9] , which are critical determinants for timing the onset and progress of metamorphosis [3] . Lipids play a pivotal role in providing fuel for the energetic demands of metamorphosis [13] , and thyroxine, the primary morphogen controlling metamorphosis, stimulates lipogenesis in tadpoles [12] .
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Just before the onset of tadpole metamorphosis the expression of the gene coding for the fat-derived hormone leptin (lep) increases [14] . In adult tetrapods, leptin functions as an important homeostatic feedback signal, produced in proportion to fat stores, and acting on the brain to regulate food intake and energy expenditure [15] . In mammals and frogs, leptin has been shown to act on feeding control centres in the hypothalamus, among other brain regions, to suppress food intake and increase metabolism [15 -18] . Leptin binds to the long-form of the leptin receptor (LepRb) to activate a downstream signal transduction cascade that engages the Janus kinasesignal transducer and activator of transcription (Jak-Stat) pathway [17,19 -21] . Upon hormone binding, JAK2 is recruited to the LepRb, which then promotes phosphorylation of STAT3 ( pSTAT3) on conserved tyrosine residues in the cytoplasmic domain [15, 17, 20] . The pSTAT3 translocates to the nucleus where it binds to DNA as a homodimer to activate transcription, including the gene suppressor of cytokine signalling 3 (socs3), which attenuates leptin signalling by interacting with the LepRb, and pro-opiomelanocortin ( pomc), which produces the prohormone POMC that gives rise to the anorexigenic peptide a-melanocyte stimulating hormone [20,22 -24] .
Our earlier work in the Western spadefoot toad Spea hammondii showed that the anorectic response to intracerebroventricular (i.c.v.) injection of recombinant frog leptin (rxLeptin) potently suppressed food intake in prometamorphic tadpoles and juvenile frogs, but not in premetamorphic tadpoles, supporting that leptin's actions on food intake develop during metamorphosis [16] . In the current study, we investigated the ontogeny of lep and LepR (lepr) mRNAs in Xenopus laevis tadpoles. We also analysed, using behavioural, neuroanatomical and biochemical means, the ontogeny of functional leptin signalling. Lastly, we tested the hypothesis that leptin action on food intake plays a role in the cessation of feeding that occurs at metamorphic climax when the tadpole's GI tract remodels.
Material and methods (a) Animal care and use
We raised X. laevis tadpoles and metamorphic frogs obtained from in-house breeding in 90 l holding tanks filled with dechlorinated tap water maintained at 21 -238C under a 12 L : 12 D photoperiod. We fed tadpoles twice daily a suspension of frog brittle (NASCO, Fort Atkinson, WI) made by pulverizing the brittle in water using a kitchen blender. We determined tadpole developmental stage using the Nieuwkoop-Faber (NF) staging table [10] . Newly metamorphosed frogs were fed post-metamorphic frog brittle (NASCO).
For i.c.v. injection of rxLeptin ( produced and purified as described by Crespi & Denver [16] ; NCBI accession no. AY884210) we anaesthetized tadpoles in a buffered solution of 0.002% benzocaine (Sigma Chemical Co., St Louis, MO) and delivered 40 nl of 0.6% saline or rxLeptin (20 ng g 21 Â body weight; BW) plus 0.01% fast green dye to the region of the third ventricle using a Nanoject II Auto-nanoliter Injector (Drummond Scientific) [14, 16, 17, 25] . This dose of rxLeptin caused maximal suppression of food intake in prometamorphic tadpoles of S. hammondii [16] . We euthanized animals by immersion in 0.1% benzocaine before taking measurements and harvesting tissues.
(b) Body and intestine size, and intestinal content analysis during tadpole metamorphosis
We removed tadpoles from the large holding tank when they reached appropriate developmental stages for analysis (NF stage 56, 58, 60, 62 and 64) and placed them into 3 l tanks at a density of six animals per tank. We fed them frog brittle suspension twice daily for three days before sacrifice; tadpoles at or beyond NF stage 62 (metamorphic climax) were fed frog brittle suspension plus post-metamorphic frog brittle pellets. At sacrifice we recorded developmental stage, total wet BW, length of the intestine and weight of the intestine, before and after removal of food and faeces. We used a blunt forceps to massage contents out of the intestine, then flushed it with sterile 0.6% saline using a 5 cc syringe and 23 gauge needle. The food/faeces weight was calculated as wet intestine weight before flushing minus wet intestine weight after flushing. We dried tadpole tissues overnight in a drying oven, recorded dry carcass weight and dry intestine weight, then calculated the total dry BW by adding the dry carcass weight plus dry intestine weight.
(c) RNA isolation for gene expression analysis For brain gene expression analysis we micro-dissected the tadpole brain into three sections corresponding to the telencephalon ( parts of the forebrain, including the olfactory bulbs), diencephalon and mesencephalon (which contained the preoptic area and hypothalamus) and the rhombencephalon (hindbrain and part of the spinal cord; see electronic supplementary material, figure S1A ). Subsequently, we refer to the diencephalon/mesencephalon brain region as the POA/hypothalamus. The frog POA/hypothalamus has the highest density of lepr-expressing cells in the frog brain, as evidenced by in situ hybridization histochemistry for lepr mRNA, and immunohistochemistry for pSTAT3 following i.c.v. rxLeptin injection [17] .
We isolated RNA from tadpole tissues using the Trizol reagent (Invitrogen), treated 1 mg RNA with 1.5 U RNase-free DNase 1 (Roche, Indianapolis, IN, USA) to remove contaminating genomic DNA, then reverse-transcribed the RNA into cDNA using 250 ng random hexamers and Superscript II Reverse Transcriptase (Invitrogen) following the manufacturer's instructions (see also [26, 27] ). We included minus RT controls to verify the absence of genomic DNA contamination.
For whole-body lep mRNA analysis we used semi-quantitative reverse transcriptase-PCR (RT-PCR) as described previously [26] ; oligonucleotide primers for lep and the reference gene ribosomal protein L8 (rpL8) are given in the electronic supplementary material, table S1. For quantitative analysis of lep or lepr mRNAs in different tadpole tissues we used real time, quantitative PCR (RTqPCR) using Taqman or SYBR Green assays. We used custom Taqman assays (Applied Biosystems Inc.) for X. laevis lep, lepr (targeting exon 25 located in the cytoplasmic domain of the LepR), and rpL8 [16] , and SYBR Green assay for X. laevis suppressor of cytokine rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172784 signalling 3 (socs3) [17] . The SYBR Green primers for rpL8 were the same as those used for the TaqMan assay. All oligonucleotide primers are given in electronic supplementary material, table S1. We conducted RTqPCR using the ABsolute Blue qPCR low Rox Mix (for Taqman) or the ABsolute Blue qPCR SYBR Green Low Rox Mix (both from ABgene), and reactions were run on an ABI 3500 Fast qPCR machine. Relative quantities were determined using standard curves generated from pooled cDNAs.
For analysis of socs3 mRNA after i.c.v. rxLeptin injection, we anaesthetized NF stage 50 and 58 tadpoles by immersion in a buffered solution of 0.002% benzocaine before injection into the third ventricle with 50 nl of 0.6% sterile saline vehicle or rxLeptin (20 ng g 21 Â BW). Animals were killed and the region of the POA/hypothalamus dissected 2 h after injection. We pooled six brain dissections from NF stage 50, or three from NF stage 58 tadpoles per replicate, for a total of five replicates per injection condition. All tissues were stored in RNAlater (Qiagen) at 48C and then total RNA was extracted using the Trizol reagent. We conducted SYBR Green RTqPCR for socs3 mRNA following saline or rxLeptin injection, using rpL8 as the reference gene.
(d) Tadpole feeding assay
Like many amphibian tadpoles, X. laevis is a filter feeder, remaining suspended in the water column, and feeding by buccal pumping [28] . We developed a feeding assay that quantifies the amount of time that tadpoles spend in a quadrant of their aquarium to which food suspension is added. We placed tadpoles into a tank (large rat cage; 36 cm W Â 46.5 cm L Â 20 cm H; filled with 10 l of water) with lines on the bottom dividing it into quadrants (labelled A -D) and allowed them to acclimate for 45 min before video recording. We recorded tadpole behaviour using a closed circuit camera and video IC capture software (The Imaging Source, LLC, Charlotte, NC). We first recorded tadpoles in the absence of food for 15 min to determine their position in the tank. We then gently added 5 ml of tadpole food suspension to quadrant A, and video recorded tadpoles for 15 min. We quantified feeding behaviour by measuring the number of tadpoles in quadrant A at 1 min intervals over the 15 min recording period. We scored video recordings in a blinded manner; we conducted four trials for each developmental stage and treatment using different tadpoles, with 10 animals per treatment per trial.
We investigated the effects of exogenous leptin on tadpole feeding behaviour at two developmental stages: premetamorphosis (NF stage 50) and prometamorphosis (NF stage 58). We chose these stages because our previous work in S. hammondii suggested that tadpoles develop competence to respond to leptin (and other anorexigenic signals) during prometamorphosis [16] . We anaesthetized tadpoles, then administered i.c.v. injections into the third ventricle of vehicle (0.6% saline) or rxLeptin (20 ng g 21 Â BW). We then placed tadpoles into the recording tank and allowed them to acclimate for 45 min before video recording as described above.
(e) Immunoneutralization of circulating leptin in late prometamorphic tadpoles
We generated two polyclonal antiserums in rabbits to rxLeptin for use in passive immunization experiments. After collecting pre-immune serum, two rabbits were immunized with rxLeptin (Lampire Biological), and we analysed the titre of the antiserums in successive bleeds using enzyme-linked immunosorbent assay. Both antiserums (4014 and 4105) had high titres of antibodies to rxLeptin (ED50 s 1:36 000 -1:72 000). Antiserum 4014 had the highest titre, and we confirmed that it recognizes rxLeptin by western blotting (electronic supplementary material, figure  S1B ). We were unable to detect endogenous leptin in frog tissue extracts or serum by western blotting, probably due to low expression levels. We have not yet developed a solution-based immunoassay for frog leptin. To investigate if leptin signalling is responsible for the cessation of feeding during metamorphic climax, we immunoneutralized circulating leptin by injecting tadpoles with rabbit anti-rxLeptin serum (#4014). Tadpoles at NF stage 58 were divided into two groups for injection of pre-immune serum or anti-xLeptin (n ¼ 12 per treatment), and given five intraperitoneal injections (10 ml each of undiluted serum) on days 1, 3, 5, 7 and 9. Animals were weighed every other day (on non-injection days); there were no differences in BW between treatments (data not shown). We fed tadpoles ad libitum with frog brittle food suspension and post-metamorphic frog brittle pellets. We killed tadpoles 1 h after the fifth injection on day 9, dissected the entire GI tract (stomach and intestine), weighed then flushed it with 0.6% saline using a 5 cc syringe and 23 gauge needle to remove food and faeces, and weighed it again. We then dried the tissue overnight in a drying oven. The following measures were taken: NF stage, BW, GI tract length, GI tract weight (with food), GI tract weight (after flushing out the food), food weight (GI tract weight before flushing-GI tract weight after flushing) and final dry GI tract weight.
(f ) Data analysis and statistics
We analysed body morphometry and gene expression by oneway ANOVA ( p , 0.05). For the tadpole feeding data we used linear regression analysis. Derived values were log 10 -transformed before statistical analysis if the variances were found to be heterogeneous. Fisher's least-squares difference (LSD) post hoc test was used to separate the means following one-way ANOVA. We used the SYSTAT 13.0 computer program (SPSS Inc.)
Results (a) Feeding declines at metamorphic climax when the GI tract remodels
Tadpole wet and dry BW changed during metamorphosis (figure 1). After an initial increase from NF stage 56 to 58, wet BW declined dramatically (by approximately 50%) through metamorphic climax, while there was minimal change in dry BW during this period, showing that the major contribution to the decrease in tadpole BW at metamorphic climax is water loss. The intestine dry weight, intestine length and intestinal contents changed during metamorphosis, all peaking at NF stage 58 and declining thereafter. Visual observation showed that, unlike the GI tracts of NF stage 56 and 58 tadpoles, which have highly coiled intestines and are yellow-brown in colour due to food and faeces, the intestines of NF stage 62 tadpoles are no longer coiled, the stomach is clearly developed and the entire GI tract is colourless and transparent, devoid of food and faeces. These changes corresponded with a decrease in intestinal contents from NF stage 58 to metamorphic climax (NF stage 62), and a decrease in the ratio of intestinal contents to intestine length. These changes show that feeding declines at metamorphic climax, during which time the GI tract remodels to support the shift from a herbivorous to a carnivorous diet [6] . The ratio of intestinal contents to intestine length declined during prometamorphosis was lowest at metamorphic climax, then increased at NF stage 64 to the level seen at NF stage 56. Visual inspection showed that the rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172784 stomach at NF stage 64, unlike NF stage 62, was distended with food, the intestines were yellow, and faeces was present in the colon, showing that X. laevis resumes feeding after metamorphic climax.
(b) Developmental and diet-dependent changes in lep mRNA
We could not detect lep mRNA in oocytes or in embryos by RTPCR (figure 2a). Leptin mRNA was first detectable at NF stage 40, and remained low and constant until just before the onset of metamorphosis at NF stage 50, when it showed a strong increase (sixfold; figure 2a,b) ; the mRNA for the reference gene rpL8 was stable across development. The increase in lep mRNA during metamorphosis is contributed by the fat bodies [14] . Food restriction of NF stage 50 tadpoles caused a statistically significant decrease in steady-state lep mRNA in fat and liver ( figure 2c) , showing that the frog lep gene in adipocytes responds similarly to lep of mammals.
(c) Changes in lepr mRNA in the POA/hypothalamus during metamorphosis
We analysed lepr mRNA levels by RTqPCR in three tadpole brain regions (olfactory bulbs/forebrain, POA/hypothalamus, hindbrain/spinal cord) during metamorphosis. The lepr mRNA was detectable in all brain regions, but showed developmental changes only in the POA/hypothalamus, where it increased steadily from NF stage 50 to the metamorphic frog (NF stage 66) (figure 2d). (e) Leptin-responsive anorexigenic feeding controls develop during metamorphosis
Using our tadpole feeding assay, we saw that tadpoles were randomly distributed throughout the tank during the 15 min period prior to the addition of food to quadrant A (see the no food treatment, left panel, figure 3b ). During the 15 min after addition of food tadpoles spent more time in quadrant A, indicative of food seeking behaviour (compare food and no food, left panel, figure 3b ). Injection of vehicle had no effect on tadpole behaviour at either of the two developmental stages analysed (electronic supplementary material, figure S7 ). Injection of rxLeptin did not affect food-seeking behaviour of premetamorphic tadpoles (left panel, figure 3b ), but strongly suppressed this behaviour in prometamorphic animals (right panel, figure 3b ).
(f ) Immunoneutralization of leptin causes metamorphic climax stage tadpoles to resume feeding
We passively immunized tadpoles by administering i.p. injections of anti-rxLeptin (e.g. see [29, 30] ), and analysed GI tract contents as a proxy for food intake. Injections began at NF stage 58, and the tadpoles had progressed to NF stages 60 -62 (late prometamorphosis/ metamorphic climax) by the end of the experiment. Compared with injections of pre-immune serum, injections of anti-rxLeptin serum caused a statistically significant increase in tadpole GI tract contents relative to GI tract length, and the ratio of GI tract contents to final dry GI tract weight ( p , 0.05; unpaired Student's t-test) (figure 4). There were no significant differences in GI tract length or final dry GI tract weight between the two treatments. The anorexigenic action of leptin develops during tadpole metamorphosis. We gave i.c.v. injections of 0.6% saline or rxLeptin (20 ng g 21 Â BW) at two stages of tadpole metamorphosis, premetamorphosis (NF stage 50) or late prometamorphosis (NF stage 58) and measured feeding behaviour as described in the Material and methods. We conducted 3 -4 feeding trials per developmental stage and injection treatment, with each trial having four tanks per treatment (10 tadpoles per tank; the replicate was feeding trial; points represent the mean + s.e.m.; n ¼ 3 -4 per time point). Tadpoles were randomly distributed throughout the tank before addition of food to quadrant A. They remained randomly distributed over the 15 min measurement period if no food was added (the positions of animals in the tank were scored at 1 min intervals) ( p . 0.05; linear regression: least squares). After the addition of food to quadrant A, there were more tadpoles in this quadrant over the 15 min measurement period in the saline-injected NF stage 50 ( p , 0.0001) and NF stage 58 ( p , 0.0001), and rxLeptin-injected NF stage 50 ( p , 0.0001) treatments compared to the no food treatments (see electronic supplementary material, figure S7 ). By contrast, rxLeptin treatment of NF stage 58 tadpoles strongly suppressed the directed movement into quadrant A after the addition of food; that is, there was no difference between the no food and food added curves ( p ¼ 0.897).
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Discussion
Here we show that leptin's anorexigenic actions are absent in the premetamorphic tadpole, develop during prometamorphosis and play a role in the suppression of feeding at metamorphic climax, when the GI tract remodels. Our findings are consistent with the hypothesis that the strong drive to eat prior to metamorphosis is due to the absence or the relative immaturity of hypothalamic feeding control circuits that mediate feedback by adiposity signals. This, and the lack of adiposity signals due to the absence of fat stores, allows the animal to maximize growth during this critical life-history stage. When lipids accumulate in the tadpole's fat bodies, lep mRNA levels increase, occurring just before the onset of metamorphosis [14] . In mammals, leptin is constitutively secreted by adipocytes in proportion to triglyceride content [15] . As tadpole metamorphosis progresses, behavioural and neuroendocrine circuits residing in the POA and hypothalamus mature [31] . This development may be influenced by the rising circulating concentration of leptin, because the hormone can induce mitosis in premetamorphic tadpole brain [14] . Leptin is a candidate hormone for signalling to the tadpole's brain information about body condition/energy stores, which is central to the timing of metamorphosis.
The neural circuitry involved with feeding control has been best studied in mammals. The mammalian hypothalamus is a primary site for the control of food intake and metabolism, and this region has the highest density of LepR-expressing cells in mammalian brain [32] [33] [34] . Leptin acts on LepRb-expressing neurons located in the arcuate, dorsal medial hypothalamic and ventromedial hypothalamic nuclei to control food intake, and STAT3 is essential for LepRb function and leptin actions [15] . Previously, we showed that lepr mRNA and leptin-induced pSTAT3-ir are found in regions of juvenile X. laevis brain that are homologous to regions of the mammalian hypothalamus [17] . Leptin is a potent anorexigen in juvenile X. laevis, and LepR function and downstream targets of leptin signalling are evolutionarily conserved between frogs and mammals [17] . For example, i.c.v. injection of rxLeptin in juvenile frogs suppressed feeding, rapidly induced pomc and socs3 mRNAs, and activated the Jak2-STAT3 pathway [17] . In the current study, we used changes in socs3 mRNA or pSTAT3-ir following i.c.v. injection of rxLeptin as molecular readouts for the ontogeny of leptin signalling in tadpoles. Notably, the development of leptin's anorexigenic actions closely paralleled the timing of the onset of increases in socs3 mRNA and pSTAT3-ir (electronic supplementary material, figures S2, S3 and S4). Also, mRNAs for key genes involved with feeding control and metabolism, crfb, pomc, ampk and npy, all increased during metamorphosis (electronic supplementary material, figures S5 and S6), supporting that this stage of development is a critical period for the maturation of the feeding control centres of the tadpole's POA/hypothalamus.
During periods of development characterized by rapid growth animals typically display strong drive to eat. For example, neonatal rats exhibit frequent suckling to support their rapid growth, then at about two weeks of age pups begin to feed independently, at which time hypothalamic feeding/energy balance circuitry develops to allow for adult homeostatic regulation of food intake [35] [36] [37] [38] . Around the third postnatal week, circuits originating from the arcuate nucleus involved with feedback regulation of feeding and metabolism develop, sending projections from orexigenic NPY and anorexigenic POMC neurons ( producing the anorexigenic peptide a-MSH) to the paraventricular nucleus (PVN; homologue of the amphibian anterior POA [37 -39] ); the PVN neurons express anorexigenic peptides like CRF, among others [40, 41] . Prior to the development of these projections, injection of leptin has no effect on food intake [42 -44] . In rodents, circulating leptin concentration increases . Passive immunization with antiserum to rxLeptin caused metamorphic climax stage tadpoles to resume feeding. We gave NF stage 58 tadpoles four intraperitoneal injections (10 ml each) of rabbit pre-immune serum or rabbit antiserum to rxLeptin on days 1, 3, 5 and 7. During the experiment tadpoles were fed both tadpole food suspension and metamorphic frog pellets ad libitum, then the animals were killed on day 7, 4 h after the last injection. We dissected the entire GI tract (stomach and intestines) and measured the ratio of GI tract contents to final dry GI tract weight as described in the Material and methods. Bars indicate the mean þ s.e.m., n ¼ 8 per treatment. Asterisks indicate p , 0.05 (Student's unpaired t-test).
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172784 postnatally, then declines in juvenile adults [42, 45, 46] . Several lines of evidence support that this postnatal increase in leptin plays a central role in the development of the hypothalamic feeding control circuitry [38, [47] [48] [49] .
Amphibian tadpoles are voracious eaters; they maximize energy acquisition to support growth to achieve a minimum body size to initiate metamorphosis [1] [2] [3] 5] . Although we have not studied the development of the neural circuitry (i.e. neuronal projections) that underlies feeding control in the tadpole, our data support that cell responsiveness to leptin in cells located in the anterior POA and VH correlates with the onset of homeostatic feeding controls. Thus, feeding controls in both postnatal mammals and larval amphibians cannot respond to energy stores until later in development, and this delay is mediated by homologous brain regions and signalling molecules.
We found that leptin's anorexigenic role is established during metamorphosis and may suppress feeding at metamorphic climax. Although lep transcription in adipose tissue is activated at the onset of metamorphosis, lepr expression and functional leptin signalling does not emerge until mid-to late prometamorphosis in tadpole hypothalamic feeding control centres. The establishment of functional leptin receptor signalling in the brain coincides with when animals develop anorexigenic responses to leptin. Once tadpoles reach metamorphic climax, they cease feeding and their GI tract remodels to adapt to a carnivorous diet. Here we provide evidence that the cessation of feeding depends in part on leptin signalling: using passive immunization with a specific antiserum raised against rxLeptin, we found a reversal of the anorexia that occurs at metamorphic climax. This result is consistent with findings in mammals, where loss of leptin signalling increases drive to feed, among other physiological responses [50] .
Tadpoles have long, coiled intestines composed of a simple epithelium, adapted for a herbivorous lifestyle. During metamorphosis the entire GI tract undergoes dramatic remodelling: the intestines shorten and develop a more complex epithelium suited for a carnivorous diet [6, 51] . Although it has been claimed, and generally accepted, that amphibian tadpoles stop feeding at metamorphic climax to allow for the GI tract and cranium to remodel [6, 51] , we were unable to find empirical evidence for this in the scientific literature. We now provide direct support for this hypothesis, by showing a decrease in intestinal contents at metamorphic climax. Cessation of feeding at metamorphic climax may facilitate this remodelling process, when the larval epithelium can no longer absorb nutrients and the adult epithelium is not fully differentiated [52] . Also, the cranium undergoes extensive remodelling during metamorphosis, as does the visual system, to accommodate the carnivorous feeding ecology of the adult frog [6] .
(a) Summary and conclusions
We show that the cellular and behavioural responses to leptin develop during metamorphosis, and that leptin is important for the cessation of feeding at metamorphic climax. Taken together, our findings support that the active and typically voracious feeding behaviour of amphibian tadpoles is due to the absence of anorexigenic hypothalamic feeding controls, which allows the animal to maximize growth. Increased leptin expression just before the onset of metamorphosis serves as an adiposity/body condition signal to the brain, influencing development of the hypothalamus, which regulates the production of hormones that control metamorphosis, as well as food intake and metabolism. As metamorphosis progresses, hypothalamic feeding controls develop, and leptin then functions to suppress feeding at metamorphic climax to support remodelling of the GI tract. Thus, when homeostatic feeding controls develop is determined by defined life-history transitions that correspond with a shift in feeding ecology: at the time of independent feeding in mammals, and during metamorphosis in amphibians.
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